Abstract. Periventricular/intraventricular hemorrhage (PVH/IVH) into brain can occur in premature infants and is associated with poor developmental outcome. The purpose of this study was to develop and characterize a model of PVH/IVH in newborn mouse. We hypothesized that periventricular germinal matrix would exhibit reduced cell proliferation. PVH/IVH was induced in 1-day-old mice by injection of autologous blood into the periventricular tissue. Magnetic resonance images (MRI) were obtained from 15 minutes to 14 days later. Mice were killed 4 hours to 28 days later. Cell proliferation, dying cells, astrocyte and microglial reactions, neutrophils, and lymphocytes were quantified. Histological studies showed that MRI accurately localizes the hematoma but overestimates its size. The hematoma, located in the striatum and germinal tissue, always extended into the lateral ventricles. Cell proliferation, measured by Ki67 immunoreactivity, was suppressed bilaterally in germinal matrix and beyond from 8 hours to 7 days. Increased cell death was observed in the ipsilateral striatum and germinal matrix 1 and 2 days after PVH/IVH. Astrocyte and microglia reaction peaked at 2 days and persisted up to 28 days. Inflammatory response was minimal. Extravasated blood might play an important role in brain damage following PVH/IVH through suppression of cell proliferation.
INTRODUCTION
Periventricular/intraventricular hemorrhage (PVH/ IVH) is defined as hemorrhage originating primarily from subependymal germinal matrix (GM) with extension into the ventricles. It occurs most commonly in premature infants 24 to 30 weeks gestation (1) . The pathogenesis of PVH/IVH is multifactorial and consists of a combination of varying arterial and venous blood flow (1-3), coagulation disturbances (4, 5) , veins with fragile walls in the germinal matrix (1) , and excessive fibrinolytic activity in the immature brain tissue (3) . Perinatal brain damage is among the most prevalent and costly forms of neurologic disability (6, 7) . PVH/IVH can be associated with hemiplegic cerebral palsy (8) , mental retardation (9) , and hydrocephalus (1, 7) . Hemorrhage causes brain damage through direct tissue destruction, followed by secondary damage to cells through proteolytic activity of enzymes involved in blood clot formation, as well as lysis, inflammation and cytokine production, edema, and hemoglobin released from lysed erythrocytes (10) (11) (12) . Some of these mechanisms have been studied experimentally in adult brains. However, unlike damage due to hypoxia-ischemia which has been studied extensively (13) , neonatal brain hemorrhage has been largely ignored (2) .
The periventricular GM consists of pluripotential cells that give rise largely to cerebral neurons before 20 weeks gestation in humans and later to precursors of oligodendrocytes and astrocytes (1) . In humans the GM involutes by about 34 to 38 weeks gestation. In the mouse and rat, periventricular germinal cells generate neurons prior to birth and glial cell precursors during the week after birth (14) (15) (16) . Experimental studies have shown that plasticity is not very effective in the newborn rodent brain, likely because normal developmental processes are interrupted (17) . Hypoxic ischemic damage to 7-day rat brain, in which the GM has largely involuted, reduces the quantity of oligodendrocyte precursors (18) . In humans we have observed that hemorrhage is associated with suppression of germinal cells in cell cycle (Fig. 1) . Because reduced brain cell production could have important consequences, our goal was to develop and characterize a novel animal model of PVH/IVH in which we could test the hypotheses that GM cell proliferation is reduced after PVH/IVH. We used 1-to 2-day-old mice based upon the state of the subependymal zone/ganglionic eminence, which is roughly comparable to that in 24 to 26 week gestational age human brains (19, 20) . Magnetic resonance imaging (MRI) was used to standardize the hematoma for successive time point analyses of the mouse brain following PVH/IVH.
MATERIALS AND METHODS

Animal Model
All experimental procedures were done in accordance with guidelines of the Canadian Council on Animal Care. Protocols were approved by the local experimental ethics committee. A
Fig. 1. A:
Photomicrograph showing periventricular germinal tissue (ganglionic eminence) of a human fetus (ϳ24 weeks gestational age) a few days after a small periventricular hemorrhage. There is a circular area of decreased cellularity along the ventricle wall (arrow) (H&E stain) (Bar ϭ 100 m). This was shown to be the site of hemorrhage by the presence of hemosiderincontaining macrophages (inset, Perl's stain for iron) (Bar ϭ 25 m). B: Immunohistochemical labeling of an adjacent section with anti-Ki67 antibody demonstrates that the damaged area has a greatly reduced proportion of proliferating cells (brown nuclei) (Bar ϭ 50 m).
total of 118 locally bred newborn (24-36 hours) CD-1 mice weighing 1.42 to 1.95 grams were used. The mice were anesthetized with 1.5% to 2% halothane in a 70:30 mixture of N 2 O: O 2 . Autologous whole blood (15 L) was collected in a sterile syringe by placing the tail in warm water for 1 min, cleaning the skin with 70% alcohol, and cutting the tail tip. Because the mice could not be secured in a stereotaxic frame, the injections of blood were done freehand with the needle inserted percutaneously. A 27-gauge needle was attached to the syringe and quickly introduced into the right periventricular region of the newborn mouse (1 mm lateral, 0.5 mm behind the right eye, 3 mm deep to the scalp surface). A shield around the needle stabilized it against the scalp and ensured correct depth of penetration. Blood (15 L) was injected over 1 min; the needle was left in the place for 10 to 20 seconds, and then removed slowly. Mice were returned to the mother after the 3-min procedure. Sham controls consisted of 12 newborn CD-1 mice into which 15 L sterile saline was injected. Because needle insertion alone also can cause hemorrhage, 25 intact mice were also used as controls following halothane anesthesia only. Physiological monitoring was not possible. To compare the extent of blood spread, 5 additional adult CD-1 mice (weight 20-25 grams) underwent autologous whole blood (50 L) injection. The method was similar except the head was affixed in a stereotaxic frame.
Magnetic Resonance Imaging
Proton MRI was carried out using a Bruker Biospec/3 MR scanner equipped with a 21-cm bore magnet operating at a field of 7 Tesla (Bruker BioSpin GmbH, Karlsruhe, Germany). The MR probe used was a custom-built quadrature volume coil (length 3.0 cm, inside diameter 2.0 cm) (21) . The mouse pups were anesthetized with 1.5% to 2% halothane in a 70:30 mixture of N 2 O:O 2 and maintained normothermic by blowing warm air over the animal holder. Scout MR scans were taken with a magnetization transfer prepared TurboFLASH (MT-FLASH) sequence with a TR of 3.7 ms, TE of 2.3 ms, field of view of 4.0 ϫ 4.0 cm 2 , slice thickness of 1.0 mm, and matrix size of 128 ϫ 128 pixels. Applying a 2-second continuous-wave RF pulse at an offset of 12,000 Hz and strength of 25 mT effected the magnetization transfer. High-resolution scans were taken with a standard multi-slice spin-echo sequence using TRs in the range of 800 to 2,500 ms, TEs of either 7.2, 60, or 120 ms, field of view of 3.0 ϫ 3.0 cm 2 , slice thickness of 1.0 mm, and matrix size of 256 ϫ 256. Our predominant interest was to observe the signal loss due to the injected blood. This was dramatic even at very short TE (7.2 ms). We found that the T1-weighting produced by the short TR was far less than the T2-contrast produced by the paramagnetic relaxation effect. Therefore, the short TR was chosen for most scans to reduce the overall scan time. Mice were only used for subsequent histological analysis if MRI showed a standard hematoma size and location.
The volume of the acute hematoma observed by MRI and histology was compared. For this we used 13 mice, 4 of which were imaged twice at 15 to 30 min and 4 hours. Four had MRI and histology compared at 15 to 30 min, and 9 were compared at 4 hours. On MR images the area of signal alteration was traced and measured by computerized planimetry. The total volume proportion was calculated based on 1-mm slice thickness. Histologic sections every 200 m encompassed the entire hematoma site. Camera lucida tracing was used to measure the blood collections on each slice, including intraventricular blood and parenchymal hematoma. The total volume of extravasated blood was then calculated.
Histologic Evaluation
Mice were reanesthetized at 4 and 8 hours, 1, 2, 7, and 28 days (4-5 mice were used for each time point) after blood injection into brain, or 8 hours, 1, 2, 7 days (3-4 mice were used for each time point) after saline injection. They were perfused through the heart with 5 to 20 ml ice-cold 4% paraformaldehyde in 0.1 mol/L phosphate buffered saline (PBS). The brain was removed and stored in the same fixative for 1 to 10 days. Fixed brains were cut coronally to surround the injection sites, and slices were dehydrated and embedded in paraffin. Sections (6 m) were cut serially for the whole brain and each tenth section was stained with hematoxylin and eosin (H&E). Near the lesion center, where the brain damage was maximal, a variety of histological and immunohistochemical stains were performed (see below). We wanted to investigate the inflammation that occurs after PVH/IVH, but the relevant antigens cannot be detected reliably on paraffin sections. Therefore, additional mice were reanesthetized at 2, 4, 7, 14, and 28 days (4-5 mice were used for each time point) after blood injection into brain, perfused through the heart with 5 to 20 ml ice-cold 0.15 mol/L PBS, following by 5 to 20 ml ice cold 10% sucrose in 0.1 mol/L phosphate buffer. The brain and spleen were removed and stored in 10% sucrose in 0.1 mol/L PB with 0.02% sodium azide for 3 to 8 days. Brains were cut coronally approximately 3 to 4 mm on either side of the lesion center. Frozen sections (14 m) were cut serially through the anterior half of the cerebrum. Selected levels were stained with H&E. Near the lesion center, a variety of immunolabeling procedures were performed using anti-CD3, anti-CD3, anti-CD4, anti-CD8, and anti-Gr-1 antibodies to detect the lymphocyte and neutrophil infiltration (Table) . Anti-CD3 antibody was used to detect lymphocytes in the frozen brain tissues by labeling the T cell receptor associated CD3 complex, which is expressed on thymocytes and mature T lymphocytes of all mouse strains (22) . Frozen sections were fixed in Ϫ20ЊC acetone, washed, blocked with 10% donkey serum, and incubated with biotin-conjugated hamster anti mouse CD3 monoclonal antibody (diluted 1/300 in 1% bovine serum albumin) at 4ЊC overnight. Slides were then washed, incubated in streptavidin-peroxidase HRP (1/400) (Dako Corp., Carpinteria CA), washed, colored with diaminobenzidine (Sigma, St. Louis, MO)-H 2 O 2 solution, washed and coverslipped. Purified rat antimouse CD3, anti-mouse CD4, anti-mouse CD8, and anti-mouse Gr-1 antibodies were used to detect infiltration of lymphocytes and neutrophils on frozen brain sections by immunofluorescence. Frozen sections were fixed in Ϫ20ЊC acetone, washed, blocked with 10% donkey serum, and incubated with rat anti mouse monoclonal antibodies at 4ЊC overnight. Slides were then washed and incubated in mouse anti rat Cy3 (Jackson ImmunoResearch Laboratories Inc., West Grove PA), coverslipped with mounting media for fluorescence microscopy (Kirkegaard & Perry Laboratories, Gaithersburg MD), and observed by fluorescence microscopy. For all antibodies procedures negative control sections were processed with omission of the primary antibody. Positive controls were pieces of spleen tissue embedded adjacent to the brain.
Ricinus communis agglutinin lectin (RCA-1) labeling was used to demonstrate reactive microglial cells (23) . Paraffin sections were dewaxed and rehydrated, washed, quenched with 0.3% H 2 O 2 , blocked with 10% normal sheep serum, and incubated with biotinylated lectin (diluted 1/2,000) (Vector Laboratories, Inc., Burlingame CA). Slides were then washed, incubated with streptavidin-peroxidase (1/400), colored with diaminobenzidine-H 2 O 2 solution, washed, and coverslipped. Control sections were processed with omission of the biotinylated lectin.
Anti-glial fibrillary acidic protein (GFAP) antibody was used to evaluate astrocyte reaction. Paraffin sections were dewaxed, rehydrated, quenched with 0.3% H 2 O 2 , blocked with 10% normal goat serum, and incubated with rabbit anti-GFAP polyclonal antibody at 4ЊC overnight. Slides were then washed, incubated with biotinylated goat anti-rabbit IgG (1/300) (Jackson ImmunoResearch), streptavidin-peroxidase (1/400), and colored with diaminobenzidine-H 2 O 2 solution. Control sections were processed with omission of the primary antibody.
Detection of Proliferating Cells and Dying Cells
Cell proliferation status in the brain was assessed with an antibody that recognizes nuclear Ki67 antigen, which is expressed from late G1 to M phase of the cell cycle (24) . Bisbenzimide (2-(4-ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5-bi-1H-benzimidazole trihydrochloride; Hoechst 33342, Sigma) counterstaining was used to show all nuclei. Paraffin sections were dewaxed and rehydrated. Slides were microwaved in 0.6 M citric acid buffer for 15 min and were cooled in 0.1 M PBS for 20 min. Slides were blocked with 10% normal donkey serum and incubated with rabbit anti-Ki67 polyclonal antibody at 4ЊC overnight. Slides were then washed, incubated with Cy3 donkey anti-rabbit IgG (1/500) (Jackson ImmunoResearch), and coverslipped. Negative controls were processed without the primary antibody.
TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick end labeling) was used to identify dying cells with damaged DNA. Paraffin embedded sections were dewaxed and rehydrated, then incubated in 20 L/ml proteinase K for 15 min. TUNEL was accomplished using Apoptag in situ kit (Intergen, Purchase, NY). After immersion in equilibration buffer for 10 min, sections were incubated with TdT and dUTP-digoxigenin in a humidified chamber and then incubated in the stop/wash buffer. Sections were washed before incubation in anti-digoxigeninperoxidase solution (1/500 in PBS), and colored with diaminobenzidine-H 2 O 2 solution. Sections were counterstained with methyl green. Negative control sections were treated similarly but incubated in the absence of TdT enzyme or dUTP-digoxigenin.
Sections of brain were stained with Fluoro-Jade to show dying neurons (25, 26) by incubating sections in 0.06% potassium permanganate for 15 min while gently shaking on a rotating platform. Then 0.001% Fluoro-Jade (Histo-Chem, Inc., Jefferson, AR) staining solution was applied for 30 min, following by PBS washing, air drying, and coverslip application.
Determination of Hematoma Size and Cell Counts
The coronal levels with damage were identified. A ''camera lucida'' drawing was used to trace the damaged areas, defined by the presence of blood, tissue rarefaction, or necrosis. Computerized planimetry was used to measure the traced areas. Using an ocular reticule and ϫ400 ocular magnification, TUNELpositive dying cells, extravascular neutrophils identified on H&E sections by characteristic nuclear morphology, and RCA-1-labeled cells were counted in 4 fields (each area 540 m ϫ 540 m) immediately adjacent to the damage site including striatum and GM as previous described (27) . Areas with large blood vessels were avoided. The GFAP-positive cells were assessed semiquantitatively by using 4 grades (0, no positive cells; 1, rare positive cells; 2, moderate number positive cells; and 3, many positive cells). The proportion of cells in cycle was calculated by dividing the number of Ki67 immunoreactive nuclei by the total number of nuclei stained with bisbenzimide. These proportions were determined in germinal matrix (3 areas comprised of four 540 m ϫ 540 m fields each, objective ϫ40 magnification). Cells were also counted in striatum, white matter, and cerebral cortex (superficial and deep cortex) in 2 fields each (each 1.08 m ϫ 1.08 m, objective ϫ20 magnification). All counts were made by an observer blinded to the time after injection. For acute experiments, the presence of blood precluded blinding between groups.
Statistics
All data are expressed as mean Ϯ SEM. Data were analyzed to ensure normal distribution. Intergroup comparisons were made by ANOVA followed by Fisher least square difference test. A difference of p Ͻ 0.05 was considered significant. Nonparametric data (i.e. GFAP) were assessed using Kruskall-Wallis test. We used StatView 5.01 software (SAS Institute, Cary, NC).
RESULTS
MRI of PVH/IVH in Newborn Mice
All mice tolerated the 15-L injection of blood into the periventricular tissue well and there was no surgical mortality. On T2-weighted MR images, blood appeared dark ( Fig. 2A-D) due to the large susceptibility effect of paramagnetic hemoglobin products. The blood appeared to spread widely and rapidly following injection into the periventricular region. In the majority of mice, blood entered the lateral ventricles. Bright regions surrounding the ventricles on T2-weighted images are likely due to susceptibility artifact. This was confirmed by switching the read and phase encoding gradients in imaging studies carried out 1 day after PVH/IVH (data not shown). When the read gradient was directed left-right (L-R) and phaseencoding anterior-posterior (A-P), the bright artifact appeared to the right and left of the hematoma; when the read gradient was A-P and phase encoding gradient L-R, the artifact appeared A-P. The hematomas resolved rapidly, significantly decreasing in size by 1 day (Fig. 2E,  F ). Mild ipsilateral (or sometimes bilateral) ventricle enlargement was apparent at 2 weeks (Fig. 2G, H) . Saline injection was associated with only very small foci of blood accumulation (Fig. 2I) . MR images after injection of 50 L blood into medial striatum of adult mouse brain had a similar appearance to those obtained following acute PVH/IVH in neonates but was associated with less spread into tissue (Fig. 2J) . As in newborns, by 1 day the site of blood injection was hardly apparent (not shown).
We quantified and compared the hematoma volume on MRI and histologic sections immediately (15-30 min) and 4 hours following the blood injection into newborn mouse brain (Fig. 3) . On MRI there was a significant decrease in size of the hematoma by 4 hours. On histologic examination there was no significant difference in size at the 2 time points. In comparison to MRI, histological preparations showed that blood was in a much more confined region of the periventricular tissue. Although the ventricles were filled with blood, they were only minimally expended. Therefore MRI overestimates the size of the hematoma, but reliably documents the location and allows in vivo documentation of a standard hematoma size. All mice used for quantitative analyses had a similar MR appearance initially.
Histologic Features of PVH/IVH in Neonatal Mice
Examination of the normal mouse brain at 1 to 2 days of age, the time at which blood would be injected, showed that the large elongated cells of the pseudostratified ventricular zone occupied a ϳ50-m-thick layer. The smaller, rounder subventricular zone cells over the caudatoputamen (the ganglionic eminence) were packed in a dense layer up to 300-m thick. Rare mitotic figures could be identified along the ventricle wall and many 
Fig. 2. T2-weighted MR (MT-FLASH) showing coronal (A, C, E, G, I, J) and sagittal images (B, D, F, H) of mouse brain. Normal 1-day mouse brain is shown in (A) and (B). One hour following blood injection (15 L), the hematoma in the striatum (arrow) and ventricles appears dark (C, D).
A similar but less extensive change is seen in adult mouse brain 1 hour after injection of 50 L blood (J). One hour after saline (15 L) injection (I) into 1-day mouse brain, a small blood collection due to the needle damage is evident (arrow). The injected hematomas resolve rapidly as shown by a significant decrease in size by 1 day (E, F) (arrow). By 2 weeks, only a small fluid-filled cavity and/or slightly enlarged ipsilateral ventricle (bright area, arrow) is evident (G, H).
NEONATAL MOUSE PVH/IVH
J Neuropathol Exp Neurol, Vol 62, November, 2003 Fig. 3 . Proportionate hematoma size on MR images and histological sections 30 min and 4 hours following blood injection into newborn mouse brain. On sequentially imaged mice there was a significant difference in the apparent size of the blood collection between the 2 time points (paired t-test, p Ͻ 0.02). MR images consistently displayed an apparent hematoma size that was significantly larger than the true hematoma size evident on the histologic sections (paired t-test, p Ͻ 0.0001).
Fig. 4. Schematic diagram of mouse brain showing areas
in which cells were counted following blood injection. For quantification of proliferating cells, Ki67-immunolabeled nuclei and bisbenzimide-stained nuclei were counted in the periventricular germinal matrix (G1, G2, and G3), striatum (S1, S2, S3, and S4) adjacent to the hematoma (H), white matter (W), deep cerebral cortex (DC), and superficial cerebral cortex (SC). GFAP immunoreactivity, an indicator of reactive astrogliosis, was assessed semiquantitatively in the same regions. To evaluate cell death and inflammation, TUNEL-positive cells, neutrophils, and RCA-1 labeled microglia were counted in striatum (S1, S2, S3, and S4) adjacent to the hematoma. All assessments were made bilaterally. more were in the subventricular zone. Scattered apoptotic bodies were present in the subventricular zone. The germinal tissue of the ganglionic eminence was largely gone by 7 days and absent by 28 days, confirming prior observations that the mouse lateral ventricular wall resembles that of adults by 15 days (28) . A few ciliated ependymal cells were apparent along the roof of the ventricle by 3 days and many were present along the lateral wall by 7 to 9 days. Their appearance coincided with involution of the ventricular and subventricular zones. Long processes of radial glial cells were apparent on the GFAP-immunostained sections (29) extending into the white matter at the roof of the ventricle and into the caudatoputamen along the wall of the ventricle at 2 days. Far fewer cells with long processes were evident at 7 days. During this involution period many apoptotic bodies were present.
Qualitative and quantitative assessments of brain changes following blood injection were studied in the germinal matrix of the ganglionic eminence, the caudatoputamen, the white matter at the roof of the lateral ventricle, and the dorsal cerebral cortex (Fig. 4) . From hours to 2 days after blood injection, damaged brain surrounding the hematoma appeared pale on H&E stain due to edema. The irregular hematoma was located in striatum and GM with extension into the ventricles (Fig. 5A-C) . Acutely, hematomas were characterized by single or multiple contiguous collections of blood cells and blood cells mixed with GM cells. These collections were often continuous with intraventricular blood collections because ventricular zone was split. It was difficult to assess ependyma in the blood-filled ventricles. At 1 day, scattered neurons with hypereosinophilic cytoplasm were evident within the damaged striatum. After 1 day, pale-stained degenerating erythrocytes and fragmented nuclear debris were seen. By 7 days, no blood or edema could be identified in the tissue. The hematoma site was difficult to find with the exception of scattered hemosiderin-containing macrophages. The ventricles were slightly enlarged at 28 days.
Cell Proliferation and Cell Death
Counts of proliferating cells were made in several regions of brain adjacent to and distant from the site of the hematoma (Fig. 4) . In normal brain, large proportions of cells were Ki67-positive (Fig. 5D-G) in the GM and white matter from 8 hours to 28 days. Fewer proliferating cells were identified in the striatum and cortex. In comparison to intact and saline-injected controls we observed that the proportion of proliferating cells in the GM significantly decreased 8 hours, 2 and 7 days (but not 1 day) after PVH/IVH bilaterally (Fig. 6 ). In the white matter (corpus callosum and external capsule), decreased cell proliferation was observed bilaterally from 8 hours to 7 days following PVH/IVH. The cerebral cortex showed a ) . B: Intact newborn medial striatum exhibits tightly packed immature neurons (Bar ϭ 25 m for panels B-P). C: Damaged striatum adjacent to hematoma 2 days after PVH/IVH exhibits fewer neurons, small collections of erythrocytes, and mild pallor due to edema. D: Ki67 immunolabeling with Cy3 detection shows abundant proliferating cells (bright red) in the normal germinal matrix at the angle of the lateral ventricle. F: Far fewer cells are seen in the age-matched brain, 1 day after blood injection. E, G: Bisbenzimide-stained nuclei of same fields respectively. TUNEL showing rare dying cells (brown) in normal newborn striatum (H), in striatum adjacent to hematoma (I), and in contralateral striatum (J) 2 days after PVH/IVH. GFAP immunolabeling shows scattered stellate astrocytes in normal brain (K), an increased quantity and size of astrocytes adjacent to the hematoma (L) 2 days after blood injection, and few labeled cells in striatum contralateral to the hematoma (M). RCA-1 lectin staining shows a negligible number of microglial cells in normal striatum (N), an abundance of round macrophages, and plump activated microglia adjacent to the hematoma (O) 2 days after blood injection, mild activation of cells in striatum contralateral to the hematoma (P). significant decrease in cell proliferation bilaterally 1 to 2 days after PVH/IVH. The striatum did not show significant change in cell proliferation at any time point.
TUNEL-positive dying cells (Fig. 5H-J) were infrequent in the normal control tissue and contralateral to the hematoma. Ipsilateral to the hematoma more TUNELpositive dying cells were observed in the striatum and GM 1 and 2 days after PVH/IVH (Fig. 7) . Rare, scattered Fluoro-Jade-stained dying neurons, corresponding to hypereosinophilic neurons, were observed in the striatum 1 to 2 days after PVH/IVH and thereafter (data not shown). Cells that stained weakly with Fluoro-Jade were evident in the striatum, cortex of ipsilateral and contralateral hemisphere, and the septum, but these were not obviously dying cells.
In normal brains, astrocytes were immunoreactive for GFAP around blood vessels in the striatum and cerebral cortex and also among axons in the white matter ( Fig.  5K-M) , beginning at 7 days. Radial glia were immunoreactive for GFAP at 2 to 7 days. Following PVH/IVH, slightly hypertrophic astrocytes were evident at 2 days. Semiquantitative assessment (Fig. 7) showed that the astrocyte reaction was maximal 2 to 7 days after PVH/IVH in the ipsilateral striatum, 2 to 28 days in the ipsilateral white matter, and 7 to 28 days in contralateral white matter. We could not determine specifically whether radial glia cells were disrupted except at the site of the hematoma.
Inflammation
RCA-1 labeling of microglia ( Fig. 5N-P) was not evident in normal brain. By 8 hours after PVH/IVH some reactive microglia with narrow cell bodies and branched processes were evident. Their quantity was maximal at 2 to 7 days and had decreased by 28 days (Fig. 7) . By 7 days there were round macrophages adjacent to the hematoma. Neutrophils, evident with H&E staining and Gr1 immunostaining, were present in the brain tissue surrounding the hematoma in very small quantities only at 1 to 2 days (1.6 Ϯ 1.5 and 2.4 Ϯ 1.8, respectively, per count region). Immunolabeling with anti-CD3, CD3, CD4, and CD8 antibodies showed only very few scattered lymphocytes in the vicinity of the hematoma 2 to 7 days after blood injection (not shown).
DISCUSSION
Animal models are needed to study the pathogenesis of brain damage after PVH/IVH. Intraventricular hemorrhage has been induced using glycerol to create intracranial hypotension in prematurely born rabbits (27 to 30 days gestation) (30) . Injection of blood into newborn dog brains has been used to study the effect of acute ventricular distension on the surrounding blood flow patterns (31) . Dog models have played an important role in understanding the physiologic factors that predispose to PVH/IVH (2). A mouse model of neonatal hypoxia develops superficial foci of bleeding unlike those seen in humans (32) . These studies have been concerned with the physiologic processes and structural features that allow PVH/IVH but not the tissue reactions. In this study, we developed a novel model of PVH/IVH in newborn mouse by injection of autologous whole blood into periventricular tissue including GM and striatum. All mice exhibited extension of the hematoma into the ventricles. Therefore, this model corresponds to grade III/IV PVH/IVH as defined by imaging studies in premature infants (33) . This model provides an opportunity to study mechanisms of cellular injury after PVH/IVH.
Histological examination showed that MRI was capable of accurately localizing the hematoma to the periventricular region and the ventricle. MRI allows us to ascertain the size and site of the acute hematoma regardless of the subsequent survival period. There are few studies of human infants with PVH/IVH using MRI. T2-weighted fast spin echo MRI is more sensitive than ultrasound for detecting small sites of hemorrhage (34, 35) . The MRI features we observed in mice are similar. However, MRI consistently showed a larger hematoma volume than the histologic preparation. This suggests that hypointensity in the MR image is due to diffusing hemoglobin from lysed cells and/or the large susceptibility effect of paramagnetic hemoglobin. Sequential studies after PVH/IVH . Rare dying cells were apparent in control brains up to 3 days age (shown as 2 days post-hemorrhage). The number of dying cells was greater adjacent to the hematoma 1 to 2 days after blood injection, but there was no change in the contralateral striatum (p Ͻ 0.05 ANOVA). GFAP immunoreactivity in astrocytes was negligible in intact control striatum (str) and white matter (wm) prior to 7 days (8 days age). It was increased significantly in the ipsilateral (ipsi) striatum and white matter and slightly in the contralateral (contra) white matter 2 to 7 and 7 to 28 days, respectively, after blood injection (*p Ͻ 0.05; **p Ͻ 0.01, Kruskall-Wallis. The quantity of reactive microglia and macrophages binding RCA-1 lectin was negligible in normal brains at all ages (not shown) and was increased 2 to 7 days following the blood injection. *p Ͻ 0.05; **p Ͻ 0.01 ANOVA. Abbreviations: ICH ϭ intracerebral hemorrhage, Con ϭ control). Fig. 4 ) at sequential times after blood injection. In intact control mice the highest proportions were observed in germinal matrix (subependymal zone). The quantities were negligible by 28 days age, by which time the germinal matrix periventricular white matter had involuted. There was no change following injection of saline. Following injection of blood, the proportion of proliferating cells decreased in the ipsilateral (and to a lesser degree in the contralateral) germinal matrix and white matter from 8 hours to 7 days. There was a moderate decrease in the immature cerebral cortex bilaterally and no change in the striatum. *p Ͻ 0.05; **p Ͻ 0.01 ANOVA. Ab- showed rapid dispersion of the blood. Blood in the ventricles is probably washed away by cerebrospinal fluid (CSF). The loosely organized newborn brain might also allow rapid removal of hemoglobin degradation products. MRI showed that the ventricles enlarged slightly weeks after PVH/IVH. This is similar to the hydrocephalus that develops after PVH/IVH in prematurely born infants (36) . However, we never observed progression to severe ventricle and head enlargement. When enlargement was unilateral we believe that it is related to mild tissue atrophy.
This study demonstrates that injection of a small quantity of whole blood into the brain of neonatal mice is associated with widespread reduction of cell proliferation, local increase in cell death, diffuse astroglial reaction, and negligible inflammation except for microglial activation. Dying cells, demonstrated by TUNEL and FluoroJade, significantly increased in quantity in the damaged striatum, peaking 2 days following the blood injection. Cell death is expected after brain injury. However, the most impressive finding was that the proportion of proliferating cells decreased ipsilateral and contralateral to the PVH/IVH in the periventricular GM and in white matter. In the newborn rodent, the periventricular germinal region gives rise to glial precursors that migrate into various parts of the ipsilateral cerebral hemisphere (14) (15) (16) .
Decreased proliferation was observed as early as 8 hours following IVH/PVH. Thus the mechanism of proliferation suppression is likely a direct effect of some mediator from blood or damaged cells and not, for example, through immune cell mediators; the effects of immune activation would probably not be seen until later times after most brain injuries. We expect that the decrease in cell proliferation can be due to one of or a combination of the following mechanisms. The hematoma may cause mechanical destruction, including tearing of cell processes and fragile blood vessels in GM. Cerebral blood flow or venous outflow may be compromised locally (37), in turn leading to ischemic damage (1, 38) . Extravasation of blood components, clotting blood, and damaged brain tissue may liberate neurotoxic factors including thrombin, plasminogen, hemoglobin, glutamate, and agents from inflammatory cells (11, (39) (40) (41) (42) (43) . These agents could spread through ventricular CSF or edematous white matter. High serum concentrations can suppress neuronal proliferation in chick neuroblast cultures (44) . Neurotransmitters released in response to injury, such as glutamate and gamma-aminobutyrate (GABA), have also been shown to suppress cell proliferation (45, 46) . Together, these mechanical, ischemic, and potentially neurotoxic components constitute a complex insult after PVH/IVH. Because our TUNEL study showed no increase in cell death in the contralateral germinal tissue, it is likely that the factors involved in mediating cell death are different from those that suppress proliferation. Cell proliferation was not significantly decreased at 24 hours. This could be an experimental artifact or there could be a population at cells (e.g. astrocytes or microglia) that begin to proliferate at this time. In the absence of pulse labeling studies with a thymidine analogue, we cannot be certain about this. Longer term suppression could be mediated by other agents produced later e.g. cytokines (47) . PVH/IVH can result in enlargement of the lateral ventricles that might compress the adjacent brain tissue causing further damage. This did not seem to be a factor in this experiment.
Our data show that inflammatory cell infiltration has a similar temporal pattern to that in adult rat brain following blood injection (27) . However, the number of infiltrating neutrophils and lymphocytes is much lower. Possible reasons are that the chemokines are diluted and washed quickly from the highly hydrated newborn brain (48) , that there is an interspecies difference, or that cellular production of chemokines might differ (49) . These data suggest that leukocytes probably play a minor role in the brain damage following the PVH/IVH. Microglial reaction, evident beginning at 2 days and persisted up to 28 days was similar to the temporal pattern in adult rats (27) .
This study has several potential shortcomings. Newborn mice are very small and they could not be secured in a stereotactic frame. Therefore, the method of freehand blood injection could cause variable brain damage. We used MRI to be sure that blood was indeed injected into the correct location and we only used mice with comparable hematomas. The small size of the brain dictates that diffusible toxic agent(s) have effects in anatomic regions different from those in human brain. For example, a given protein that diffuses 5 mm in both mouse and human brain would produce bilateral effects in mice but only ''focal'' effects in humans. We do not know whether the route of toxic agent spread is through tissue or CSF. The absence of an intact ependymal layer at the age when blood is injected could allow toxic agents to spread directly from CSF into germinal tissue. We did not attempt to determine conclusively whether the suppression of mitotic activity occurs in the ventricular zone or the subventricular zone, although subjectively both would seem to be affected. This is of potential significance because they give rise to different cell types. Nor did we assess whether there was an effect on the differentiation of radial glia, which can act as stem cells as well as migration guides (28) . RC2 immunohistochemistry might help address this issue. Finally, cell proliferation was measured indirectly by assessing immunoreactivity for Ki67, which is expressed from late G1 to M phase of the cell cycle and correlates well with thymidine analogue uptake by proliferating cells (50, 51) . The loss of expression does not prove that too few cells were generated because (generally) a surplus of cells is produced. Perhaps the residual proliferative activity was sufficient to produce the necessary cells.
In conclusion, extravasated blood may play an important role in brain damage following PVH/IVH through suppression of cell proliferation in the GM. This is potentially important because MRI studies on humans show that premature birth or periventricular hemorrhage is associated with reduced white matter volume (52) . If GM suppression is associated with impaired development of glial precursors it could explain some aspects of the final (sometimes subtle) brain damage following premature birth. The precise molecular and chemical mechanisms remain to be determined but probably are multiple. Complete understanding of the mechanisms of damage associated with PVH/IVH should direct us to new treatment strategies.
